The prevalence of cercarial infection in freshwater snails and their evolutionary trends were studied in Nakhon Nayok province, Thailand. A total of 2,869 individual snails were examined for parasitic infections. The results showed that 12 snail species were found to host larval stages of trematodes with an overall prevalence of 4.7%. The infected specimens included 7 types at the cercarial stage; cercariae, megalurous cercariae, echinostome cercariae, furcocercous cercariae, parapleurolophocercous cercariae, virgulate cercariae, and xiphidiocercariae. Regarding molecular identification, ITS2 sequence data of each larval trematode were analyzed, and a dendrogram was constructed using the neighbor-joining method with 10,000 replicates. The dendrogram was separated into 6 clades (order/family), including Echinostomatida/Echinostomatidae, Echinostomatida/Philophthalmidae, Opisthorchiida/Heterophyidae, Plagiorchiida/Prosthogonimidae, Plagiorchiida/Lecithodendriidae, and Strigeatida/Cyathocotylidae. These findings were used to confirm morphological characteristics and evolutionary trends of each type of cercariae discovered in Nakhon Nayok province. Furthermore, this investigation confirmed that the ITS2 data of cercariae could be used to study on phylogenetic relationships or to determine classification of this species at order and/or family level when possible.
INTRODUCTION
Snail-transmitted diseases have been acknowledged as an element of the integral stage of several parasitic diseases that are transmittable to humans. This is due to the fact that many snail species act as intermediate hosts within the trematode transmission cycle [1] . Generally, many species of freshwater snails belong to a class of gastropods that are involved in the process of infection that takes place in definitive hosts and which can cause severe debilitating pathogenicity in many of those hosts.
Many different types of cercariae have been identified, and in some cases distinct types can be assigned to families, superfamilies, or genera. For example, pleurolophocercous cercariae have been identified as trematodes of the families Heterophyidae, Opisthorchiidae, and Cryptogonimidae [2, 3] , while echinostome cercariae have been identified as Echinostomatidae [4] and amphistome cercariae as Paramphistomatidae [5] . Several studies have previously reported the incidence of trematode infections in various snail species in Thailand. For instance, Wongsawad and Kumchoo [6] reported on the recovery of Transversotrema patialensis cercariae in thiarid snails, Thiara scabra [6] . Ngern-klun et al. [7] identified 4 types of cercariae, including lophocercous cercariae, monostome cercariae, pleurolophocercous cercariae, and virgulate cercariae in Bithynia funiculata with an overall prevalence of 9.6%. Moreover, Dechruksa et al. [8] reported 2 types of cercariae (parapleurolophocercous cercariae and xiphidiocercariae) in thiarid snails from the Khek River in Phitsanulok province, Thailand with an overall prevalence of 0.9%. A previous study reported on the epidemiology of trematodes in freshwater animals (fish, snail, crab, and shrimp) in 5 provinces specifically involving Chiang Mai, Chiang Rai, Phayao, Lampang, and Phrae provinces; furcocercous and pleurolophocercous cercariae were found in Melanoides tuberculata snails exclusively in Phrae province [9] . Recently, Krailas et al. [10] [11] reported 9 types of cercarial infections, including cercariae, echinostome cercariae, furcocercous cercariae, megarulous cercariae, monostome cercariae, pleurolophocercous cercariae, parapleurolophocercous cercariae, virgulate cercariae, and xiphidiocercariae in freshwater snails from 10 provinces of the Chao-Phraya Basin with an overall prevalence of 5.9%. The conventional methods used to examine cercarial infections in snails are typically performed by exposing the snails to light (shedding) and/or by dissection (crushing), which would serve to enable the researcher to clearly observe the cercariae. However, it can be difficult to identify the infection at the species level using these methods, since the larval morphology is similar to each other [12] . Consequently, molecular biological approaches have been used for the purpose of accurate identification at larval stages [2, 13, 14] . Of particular interest, the internal transcribed spacer 2 (ITS2) was used for the identification of cercariae, metacercariae, and adult stage in both intermediate and/or definitive hosts [15] [16] [17] . Moreover, the sequence data of ITS2 region was used to establish molecular markers for the purpose to distinguish and identify each organism at the species and population levels [18] . Therefore, ITS2 region has proven to be beneficial when used as a tool to efficiently acquire accurate results as a time-saving identification technique. The examples of studied parasites included heterophyids [17, 19, 20] , Fasciola hepatica [15, 21] , Echinostomatidae [22] , and Paramphistomatidae [23] .
The purpose of this study was to investigate the prevalence of cercarial infection in freshwater snails acquired from Nakhon Nayok province and to reestablish a phylogenetic tree demonstrating the evolutionary trends of trematodes using definite analytical procedures based on a PCR technique focusing on ITS2 region. The results of this study would serve as the first step for providing novel information on trematode infections and could be used for development of effective control measures that could be applied in Nakhon Nayok province, Thailand.
MATERIALS AND METHODS

Surveyed areas and collection of snails
Total 2,869 snail specimens were collected from 46 study sites located in 4 districts (Banna, Ongkharak, Muang, and Pak Phli) of Nakhon Nayok province in central Thailand. These 4 districts were home to a variety of activities that can influence water bodies and are associated with both animals and humans, such as irrigation canals, fishing communities along the riverbanks, water consumption points, paddy fields, as well as others (Fig 1) . The snail specimens were identified according to the method of Brandt [24] who provided a taxonomic key for the identification of non-marine aquatic snails of Thailand.
Examination of cercariae from snails
Collected snails were rinsed in chlorine-free water to remove sediment and plant material. Each individual snail was examined for cercarial infection using the crushing method under a light microscope [19] . The cercarial samples were vitally stained with 0.5% neutral red and identified according to the morphology as has been described in previous reports [25] [26] [27] . In addition, the cercarial specimens were stained with Delafield's hematoxylin or aceto-orcein. They were then dehydrated in an ethyl alcohol series, cleared with xylene, and mounted in permount. Illustrations were made using a camera lucida to record information on the morphological characteristics. The cercariae were identified at the family level, and in some cases identification at the genus was possible.
Molecular identification
Each type of cercaria was fixed with 70% ethanol and further processed for DNA extraction using the commercial GF-1 tissue DNA extraction kit (Vivantis, Shah Alam, Malaysia) according to the manufacturer's instructions. A pair of primers that have been applied by Barber et al. [28] was used for the amplification of ITS2 fragments. It consisted of ITS3 (5´-gCA TCg ATg AAg AAC gCA gC-3´), and the reverse primer was ITS4 (5´ TCC TCC gCT TAT TgA TAT gC-3´). The PCR conditions involved pre-denaturing at 94˚C for 4 min or denaturing at 94˚C for 1 min. The annealing time was set at 30 secs at 50˚C, extension was performed at 72˚C for 45 min, and final extension was performed at 72˚C for 7 min. A 50-μl of each PCR reaction was comprised of 0.75 μl Taq polymerase, 2 μl MgCl2, 20 pmol in 1.25 μl of each primer, 5 μl buffer, 1 μl dNTP, and 2.5 μl of the DNA template. The amplicons were separated by gel electrophoresis using 1.4% agarose gel at a voltage of 90 amps for 45 min. After that, the sequence data of each DNA sample were confirmed according to the PCR target using the standard nucleotide Basic Local Alignment Search Tool (BLAST) with megablast acquired from the NCBI database. Consequently, the sequence data were aligned, and the phylogenetic tree was constructed with the Mega6® program using the neighbor-joining tree method with 10,000 bootstrap tests.
RESULTS
A total of 2,869 snail specimens were collected from Nakhon Nayok province, Thailand. They were classified into 7 families, 11 genera, and 14 species; the Bithyniidae (Bithynia siamensis), Viviparidae (Filopaludina doliaris, F. martensi martensi, F. polygramma, F. speciose, Sinotia sp.), Buccinidae (Clea helena), Planorbidae (Gyraulus sp., Indoplanorbis exustus), Lymnaeidae (Lymnaea auricularia), Thiaridae (M. tuberculata, Tarebia granifera, T. scabra), and Ampullariidae (Pomacea sp.) (Fig. 2) . M. tuberculata (Thiaridae) was identified as the most suscepti- (Fig. 3) .
At this location, a total of 7 morphological types of cercariae were found, including cercariae, megalurous cercariae, echinostome cercariae, furcocercous cercariae, parapleurolophocercous cercariae, virgulate cercariae, and xiphidiocercariae (Fig.  4) . Regarding the cercarial infections in the snails, it was indi- cated that B. siamensis had the highest number of diverse cercarial types (7 types), followed by F. polygramma (3 types), M. tuberculata and F. martensi (2 types), and L. auricularia and I. exustus (1 type), respectively. Among the districts, Muang district had the highest prevalence of cercarial infections (9.0%) followed by Banna (4.0%), Ongkharak (3.0%), and Pak Phli district (2.7%), respectively (Fig. 5) .
A dendrogram was constructed for the ITS2 sequence data of the cercarial stage using the neighbor-joining (NJ) tree method with 10,000 replicates for the purpose of molecular identification. The dendrogram acquired from these results can be confirmed and separated into 6 clades, including Echinostomatida/Echinostomatidae (Echinostoma revolutum and Petasiger sp.), Echinostomatida/Philophthalmidae (Philophthalmus gralli), Opisthorchiida/Heterophyidae (Haplorchis taichui and Metagonimus hakubaensis), Plagiorchiida/Prosthogonimidae (Prosthogonimus cuneatus), Plagiorchiida/Lecithodendriidae (Ganeo trigrinus, Paralecithodendrium chilostomum, and Lecithodendrium sp.), and Strigeatida/Cyathocotylidae (Holostephanus dubinini), respectively (Fig. 6) . [9] .
The thiarid snails displayed a high susceptibility for cercarial infections, which is in accordance with the previous report that had concluded that thiarid snails harbor the larvae of intestinal and blood flukes [29] . Furthermore, M. tuberculata and T. granifera (Thiaridae) are considered to be medically important because they can serve as the primary intermediate host for intestinal flukes [30] . Hence, these snail species were found to have infected with many species of trematodes that display a very low level of specificity and that are known to be susceptible to trematode infections.
Six species of snails, including B. Siamensis, F. polygramma, I. exustus, L. auricularia, and M. Tuberculate, were infected with cercariae with an overall prevalence of 4.7%. The highest prevalence was recorded in Mueang district at 9.0%. Due to the fact that this area is home to various water resources and ecosystems such as the Khundanprakanchon Dam along with various irrigation canals, paddy fields, and other such examples, this area can be considered a suitable environment for cercariae to be effectively transmitted to snails and then to fish, which can lead to the perpetuation of their life cycles. According to previous reports, it has been suggested that the prevalence value of trematode infections is increased when the study site is situated near a river or other freshwater source. The freshwater sources can sustain a high level of biodiversity, which can support the life cycle of the trematodes that are associated with humans and animals [31] .
A total of 7 morphological cercarial types were found to have infected in snails acquired from Nakhon Nayok province. They were classified into several types based on their morphological differences according to Schell [3] (internal organ arrangement, place, number of suckers, and others).
Regarding molecular identification, several types of cercariae were analyzed in order to reconstruct the dendrogram. A relationship was shown among the 6 clades according to the specific type of cercariae; for example, the clade Echinostomatida/ Echinostomatidae group was found to be able to develop into the adult stage, which was in accordance with the findings of several previous reports [4, 11, 32] . The specimens of parapleurolophocercous cercariae in the clade can develop into intestinal trematodes in the family Heterophyidae, particularly H. taichui [8, [33] [34] [35] [36] , megalurous cercariae can develop into avian eye trematode in the family Philopthalmidae [3] , and furcocercous cercariae can develop into the family Cyathocotylidae [3] . Finally, xiphidiocercariae that were examined in this study developed into the family Lecithodendriidae, Prosthogonimidae, and Plagiorchiidae, namely, Prosthogonimus cuneatus, Ganeo trigrinus, Paralecithodendrium chilostomum, and Lecithodendrium sp. [4, 11] . Previous studies have revealed that the metacercarial and adult stages of these trematode species were frequently found in second intermediate hosts and definitive hosts in Thailand [37] [38] [39] .
In conclusion, freshwater snails have displayed a high level of importance with regard to the health of the public, as well as within the veterinary field. This study has contributed in the way of new and more accurate information on the trematode fauna that is present in Nakhon Nayok province, Thailand. The findings have served as an initial step for understanding the epidemiological situation and establishment of control program of trematode infections in humans and animals. This study also provided important information regarding how each cercarial type is developed into a specific trematode family or genus. Moreover, this study confirmed that the ITS2 data of the cercarial stage could be applied to investigate any potential phylogenetic relationships among different trematode species.
